The Tertiary sediments of northern Pakistan are an exceptional record of terrestrial sedimentation and represent most of Neogene time. Foremost is the Siwalik Group of the Potwar Plateau, for which multiple, superposed fossil levels span ~18 -6 Ma. Welldeveloped magnetostratigraphic control provides secure dating so that Siwalik fossil horizons may be interpolated into a time scale with resolution to 100,000 years. We describe the geographic setting of the Potwar, give an overview of the temporal distribution of faunas, and discuss changes in paleohabitat and paleoecology with latter deposits are Oligocene in age (Welcomme et al., 2001 ). Together they produce a rich record of successive faunas that can be studied for questions on lineage evolution, community structure, and faunal change.
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The Siwaliks and related formations have been the subject of field exploration for almost 200 years. Early collecting was sporadic, with little attention paid to provenance, but it provided impetus for later expeditions. Two of these were collecting campaigns under the direction of Barnum Brown of the American Museum of Natural History in the 1920s and G. Edward Lewis of Yale University in the 1930s. Their collecting (Lewis, 1937) was geographically controlled and today we can reconstruct in general where many of their collections were made. Richard Dehm (Dehm et al., 1958) , Universität München expeditions of 1939 and 1955 -56, and G.H.R. von Koenigswald, Rijksuniversiteit, Universiteit Utrecht (1966 , also recorded data for fossils recovered by their groups.
However, the potential for biostratigraphic study of long sections in defined areas was still largely unrealized.
It is now feasible to record precisely the level of occurrence of superposed stratigraphic horizons that produce fossils. The sequence of sites records the local histories of organisms during much of the Miocene Epoch, both changes among members in associated faunas as well as evolution within lineages. The fossil horizons of the Potwar Plateau can be dated relative to one another, and ages can generally be resolved on the scale of 100,000 years for the interval of approximately 18 to 6 Ma .
The record can be extended to about 22 Ma by paleomagnetic correlation of deposits of the Zinda Pir area, and into the Pliocene Upper Siwaliks of the southeastern margin of the controlled (Willis, 1993) . Formations are distinguished by dominant lithology, principally proportions of sand bodies (Khan, 1995) . The late early Miocene Kamlial Formation has >50% sand, distinguishing it from the overlying finer-grained red silt of the Chinji Formation, which includes more paleosols and evidence of ponding (Barry et al., 1980; Willis, 1993) . In contrast, the younger late Miocene Nagri Formation is dominated by thick multi-storied sands, while the succeeding finer-grained Dhok Pathan Formation has channel deposits interbedded with floodplain silts. Pliocene Upper Siwalik units include conglomeratic sands (see Barry et al., 2013; .
Beginning in the 1970s, attention was focused on the Potwar Plateau by teams from the Geological Survey of Pakistan and Yale University (later Harvard), and from Dartmouth and Peshawar universities. For both groups, which later merged, careful biostratigraphic control was the key goal. Fossils were pinpointed geographically and by stratum, and therefore assemblages were related to one another. A second key innovation was applied: temporal control using paleomagnetic reversal stratigraphy (Johnson et al., 1982; Opdyke et al., 1979; Tauxe and Opdyke, 1982) , determining local of the Potwar, in Pakistan (e.g., Keller et al., 1977) and to the early Miocene of the Zinda Pir Dome (Lindsay et al., 2005) .
Simultaneous collaboration with the Howard University project under the direction of S. Taseer Hussain, including scientists of the Rijksuniversiteit at Utrecht and the Milwaukee Public Museum, was also fruitful. Beginning in the late 1970s (Munthe et al., 1979) and primarily during the 1980s (Wessels et al., 1982) , fieldwork focused on early to and Pliocene-Pleistocene deposits southeast of the Potwar Plateau (Hussain et al., 1992) .
De Bruijn et al. (1981) documented the then-oldest-known, early Miocene small mammal assemblage from the Murree Formation at Banda Daud Shah. These teams maintained strict control of faunal associations as they carefully documented the localities. The work showed that observed faunal assemblages extended throughout Pakistan (homotaxis), albeit with some local differences.
Habitats
The Siwalik mammalian record is characterized by a succession of rich assemblages that approximate past biotic associations, but the fossil assemblages have undergone taphonomic processes and uneven sampling. Consequently, knowledge of paleocommunities is biased to varying degrees. Taken as a whole, Siwalik faunas include elements that, today at the family level, are subtropical in their ranges, with many represented today in Africa and southern Asia. It is important to acknowledge that our The latitudinal position of the Potwar during the Miocene at 14 Ma would have beeñ 6 degrees farther south, based on a reconstruction of Scotese (1997) . Habitats were subtropical with landscapes of generally low relief at low elevation (today generally 300-500 m), characterized by floodplains of major rivers draining highlands to the north (Barry et al., 2002) . Fossiliferous Potwar deposits represent secondary and tertiary streams and their associated overbank deposits (Behrensmeyer, 1987) . The fossil record therefore sampled lowland floodplain paleocommunities, not high-relief, high-elevation associations.
Faunal diversity is correspondingly impressive. There is also some paleobotanical evidence from India. Miocene pollen from the extreme south of peninsular India records humid and tropical habitats (Ramanujan, 1987) , while leaves from northern India indicate mixed lowland humid forest (evergreen and deciduous) in the early and middle Miocene (Guleria et al., 2000; Prasad, 1993) . Later Miocene pollen from northern India also indicates warm and humid lowland rainforest, but through time, drier conditions and increasing contributions from higher elevation taxa (Sarkar et al., 1994) .
Additional lines of evidence are being developed to interpret the paleoenvironments of the Potwar Plateau. Microstratigraphy of the localities producing fossils consistently shows habitats proximal to streams both in and near channels and on associated floodplains (Badgley, 1986) . Middle Miocene small mammals occur usually in overbank deposits or crevasse splays from abandoned channels, often with soil development (Badgley et al., 1998) . As such, assemblages separated laterally, and even in time, are generally comparable in their paleoecology, and we find great homogeneity in assemblages of similar age. We consider as paleobiologically meaningful observed faunal change through time against a fabric of general continuity among successive assemblages. tree shrews, shrews, hedgehogs, squirrels, gundis (ctenodactylids), dormice, bamboo rats (rhizomyines), hamsters, gerbils, mice, rats, and in the Late Miocene porcupines and rabbits. Typical carnivores, primates and ungulates are hyaenids, felids, viverrids, creodonts (until the early late Miocene), lorises, sivaladapids, hominids (Sivapithecus), hipparionine horses (late Miocene onward), diverse rhinocerotids and proboscideans, chalicotheres, suoids, anthracotheres, giraffids, tragulids, and many bovid groups. Certain archaic lineages persist later here than elsewhere in the Old World, for example, creodonts and sivaladapids. A few rare lineages are also present (e.g., aardvarks and diatomyid rodents), as well as bats, and reptiles and birds, but preservation is so uneven for these groups that temporal ranges of genera are unknown. Some mammals that are characteristic of other biogeographic regions, such as cervids and ursids, appear in the Indian Subcontinent only in the last few million years.
Many of the large mammal groups have not been revised for many years, although primates and hipparionines have had deserved attention (e.g., Morgan et al. 2015; Wolf et al. 2013) . Stratigraphically controlled collecting has built large collections with excellent provenance data, especially for suoids and ruminants, now undergoing systematic revision (e.g., Barry, 2014) . Some of the carnivore groups, rhinocerotids, and proboscideans also have enough material distributed through the sequence to offer useful data on ecomorphology, systematics, and stratigraphic ranges.
Diversity
The combined effect of large collections amassed over many field campaigns, and controlled stratigraphy to maintain distinct assemblages, results in greater diversity in some well-defined clades than was previously apparent. This is perhaps most evident in single groups such as rhinocerotids, which show surprising diversity of six to eight coexisting species in the middle to early late Miocene (Heissig, 1972) . Hipparionine horses also diversify; whereas a single species is present at the earliest appearance of the group in the Siwaliks, two and then three species co-occur later in the late Miocene (Wolf et al., 2013) .
Terrestrial artiodactyls (non-cetacean Cetartiodactyla) are the most species-rich higher group of large mammals in the Siwalik record. Successive faunas are dominated by long lineages of suoids, anthracotheres, giraffoids, tragulids, and bovids . Their history reflects the successful radiation of ruminants and records the emergence of bovid tribes. Throughout the middle and early late Miocene, there were at least twenty co-existing species of artiodactyls in Siwalik habitats (Flynn et al., 2014) .
Perceived diversity is dependent on sampling density and applies to both the species level within genera and to groups of closely related genera. Siwalik tragulids (Dorcabune, Siamotragulus, and Dorcatherium) are an example. While this family of ruminants might seemed at first to be low in species richness, current analyses (Barry, 2014 ) combine dental and postcranial material and demonstrate that up to four species of Dorcatherium existed at a single time in the middle Miocene. This is also the case for small bamboo rats of the genera Prokanisamys and Kanisamys for which single Chinji Formation sites (middle Miocene) produce four species, which seems surprising given that they do not show major morphological differences other than size. Co-occurring at one site, one must imagine microhabitat partitioning within a small range area by the bamboo rats. It is a combination of large collections with precise stratigraphic control that provides a view, although still incomplete, of the complexity of past Siwalik habitats, which were rich enough to support multiple closely related species.
Beginning in the late 1970s, a fuller appreciation of Siwalik faunal composition was revealed by applying screening techniques to retrieve very small vertebrates. Localized sedimentary concentrations with small bones and teeth were quarried, soaked in water, and sifted through fine mesh. Microfauna (fish, herpetofauna, small mammals) revealed an aspect of Siwalik assemblages previously largely hidden. Jacobs (1978) and Munthe (1980) reported high diversity in the small mammal Siwalik community, especially for rodents. Squirrels, muroids and other rodents had been virtually unknown, but showed high diversity along with evolutionary change at multiple biostratigraphic levels (Kimura et al., 2013) . We have developed in excess of 100 productive screen washing horizons throughout Siwalik Group rocks. These document diversities of 25 to 30 species of rodents at single localities of middle Miocene age. It is unlikely that all small mammal species in the paleofauna are sampled, but the great consistency in faunal composition through time shows that comparisons of successive assemblages offer meaningful information on species time ranges and faunal change.
For rodents, screening efforts throughout the stratigraphic record reveal a rich record of muroid clades, diverse squirrels, and long-lived conservative lineages of gundis, dormice, and thryonomyids (Flynn et al., 1995; Flynn and Wessels, 2013; Wessels, 2009) . mice and rats (Jacobs and Flynn, 2005; Lindsay, 1988) . The record documents the early radiation and initial diversification of crown murines, the early evolution of stem bamboo rats, and emergence of fully fossorial crown Rhizomyini (Flynn, 2009 ).
Ecology
Several lines of investigation focus on understanding the ecology of key taxa; knowledge of certain mammals sheds light on the roles played by other mammals. An example is
Sivapithecus. This is a moderate-size, dimorphic ape genus, with males about the size of female chimpanzees and females about the size of male baboons (Morgan et al., 2015) .
Like modern apes, it was arboreal and a frugivore. Thus its success until the middle of the late Miocene implies tree cover including at least riparian woodlands bearing fruit. Indeed, Nelson (2003) creodont Dissopsalis (Barry, 1988) complement these large forms, coexisting on the landscape. Small viverrids and mustelids round out the carnivoran guild.
Both microwear and mesowear of teeth offer insight into the diet and behavior of individual taxa. Nelson (2003) plants are distinguished isotopically by their differential fractionation of carbon; C4 plants discriminate less against incorporation of carbon-13 than C3 plants (Smith, 1972) . This isotopic fractionation pattern is reflected in paleosol carbonates, and in animal consumers (Cerling et al., 1989; Lee-Thorp et al., 1989) . In the Siwaliks, C4 plant cover became significant at about 8 Ma but it was not until a million years later that the last C3-dominated paleosols are recorded (Barry et al., 2002) .
Most of the dominant Siwalik herbivores have been studied for stable isotope analysis of tooth enamel. A number of mammal species exploiting C3 vegetation disappeared during the transition, whereas newly appearing taxa were C4 grazers. In a few cases, single lineages showed change from a C3 to a C4 diet (Badgley et al. 2008 ). Morgan et al. (1994 Morgan et al. ( , 2012 traced changes in the isotopic signatures of mammalian groups during the late Miocene and demonstrated that hipparionine horses showed adoption of C4 vegetation into their diet beginning about 10 Ma, well in advance of other mammals.
Fine-scale differences in carbon and oxygen isotope values likely reflect different intake strategies for food and water (Nelson, 2005) , and can be used to distinguish taxa isotopically from one another (Morgan et al. 2012 ). Kimura et al. (2013) showed isotopic divergence of two mouse lineages beginning around 8 Ma.
Both microwear and stable isotopes offer complementary data that are beginning to be incorporated into the paleoecological synthesis, and other paleoecological signals are also under study, such as dental mesowear features, frequency of presence of lophodonty, dimorphism in ungulates, and limb proportion indices. We mention one other phenomenon here. Later Miocene herbivores display increased body size , and some appear to have larger cheek tooth batteries than would be predicted for herbivores of their body size as based on postcranial measurements. These trends reflect changing climate or plant productivity in ways as yet poorly understood. 
Faunal Change
We noted at the outset that the Pakistan Siwaliks present an extraordinary terrestrial record of mammalian evolution in that many successive fossil horizons are present in one area, with paleobiological representation for many of the 100,000 year intervals over the span of 18 to 6 Ma. Younger and older rocks (Figure 2 ) are spottily sampled in Pakistan. In the preceding, we have discussed general habitats, paleoecology, faunal composition, and long term trends recorded in the densely sampled sequence. An additional field of study focuses on details of faunal change, including stasis and turnover, and on reconstructing paleocommunity composition and structure. Badgley et al. (2016) explore the interplay of mode of faunal change with climatic stability or change, and presence or absence of physical barriers. Degree of faunal turnover appears to reflect both. Barry et al. (1995) analyzed faunal change in 500,000 year intervals, recognizing the effects of an uneven record on perceived timing of change.
After applying confidence intervals on measured taxon ranges, maxima of first appearance and last appearance events could be more meaningfully evaluated. This was carried further in Barry et al. (2002) where faunal change between 10.7 and 5.7 Ma was analyzed at a finer scale of resolution, 100,000 years. Considerable change among large mammals peaked at about 10.3 Ma and after 8 Ma, especially about 7.3 to 7 Ma. The disappearance of C3 dominated landscapes before 7 Ma, coincides with the last phase of faunal turnover, perhaps the strongest in the Siwalik record (Barry et al., 2002) . Late Miocene small mammal lineages also show diverging dental changes (Kimura et al., 2013) . Given a densely sampled biostratigraphy, species longevity may be studied. We can use the observed Potwar sequence as an approximate record of species duration for small and large mammals (Flynn et al. (1995) . Modal longevities for rodents and artiodactyls appear in line with estimates derived from other data.
Endemism vs. Immigration
How does faunal composition change through time? Flynn et al. (2014) reviewed biostratigraphic ranges for the species-rich rodents and artiodactyls, and assessed the changing contributions to the fauna of endemic and immigrant appearances over time (Figure 3 ). Given tight temporal control, especially for the well-sampled 18 to 6 Ma Potwar record, we examined Siwalik assemblages at two million year intervals. We added the Zinda Pir rodent record back to 22 Ma (Figure 3a) . We did not measure appearances and disappearances, but set out to record presences at specific times; we did use the range-through concept to count as present those species found in preceding and succeeding intervals. Because the counts for time slices pooled data from adjacent 100 Ky bins, sample size is not directly related to richness. Both rodents and artiodactyls occur in There is some evidence that large and small mammals do not necessarily show the same pattern of change. In particular, during the late Miocene, while artiodactyls rebound with a return to diverse faunas (in part more grazers), rodents show steady decline from middle Miocene high diversity. As to components of the faunas, large mammals show many new appearances, both endemics and immigrants, during the early middle and early late Miocene, and a dominance of residents (indicating stability) at the 12 Ma and 8 Ma time slices. Rodents show many immigrants in the early middle Miocene, and a large proportion of continuing residents (a measure of stability despite declining richness) from 14 to 10 Ma. Late Miocene richness is lower for rodent species and nearly half are immigrants, a pattern quite unlike that of the artiodactyls. This analysis indicates ongoing change for Siwalik mammals through time, and a discontinuous pattern of diversity and relative proportions of endemics and newcomers vs.
holdovers. The trends differ for rodents and artiodactyls and may help to reveal the dynamics of turnover events, and offer clues as to how faunas change. Garces et al., 1996) significantly before the Potwar (~10.7 Ma; Pilbeam et al. 1996 ). Yet within Spain diachrony is apparent: the interior Iberian Daroca area records its first Hipparion later than in the Vallès Penedés Basin (Garces et al., 2003) .
the Siwaliks, with maximum change later in time, after 10 Ma (Agusti et al., 2013; Domingo et al., 2014) . After adjusting for unevenness in the fossil record, the Vallesian crisis in the Spanish fossil record is seen to be less abrupt than previously thought, but still significant, and postdates Siwalik events (Casanovas-Vilar et al. 2014 , 2016 . (Tang et al. 2015) , with decreased micromammal diversity, moist conditions in North China (Fortelius et al., 2014) led to high diversity among both ungulates and small mammals (see also Flynn et al. 2011 ). These differences likely reflect shifts in overall precipitation patterns correlated with monsoon strength. Comparisons like these stand to enrich knowledge of biotic events on a spatial scale well beyond that of the local basin.
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